The relationship of the kinase which co-purifies with caldesmon to Ca2+/calmodulin-dependent protein kinase II (CaMkinase II) was investigated by studying the phosphorylation of bovine brain synapsin I, a well-characterized substrate of CaM-kinase II. Synapsin I is a very good substrate (Km = 90 nM) of the co-purifying kinase, which phosphorylates two sites in synapsin I, both of which are distinct from the single site phosphorylated by cyclic-AMP-dependent protein kinase. Phosphorylation of synapsin I is Ca2+-and calmodulin-dependent: half-maximal activation occurs at 0.13 uM-Ca2' and maximal activity at 0.4 ,M-Ca2+. Phosphorylation of the co-purifying kinase slightly enhances the rate, but does not alter the stoichiometry, of subsequent synapsin I phosphorylation; it does, however, circumvent the requirement for Ca2+ and calmodulin. The properties of this kinase therefore closely resemble those of CaM-kinase II, and we conclude that it is probably a smooth-muscle isoenzyme of CaM-kinase II.
INTRODUCTION
We previously reported that smooth-muscle caldesmon is a substrate of a co-purifying Ca2+/calmodulin-dependent protein kinase . Several attempts to separate the kinase from caldesmon were unsuccessful (Scott-Woo & Walsh, 1988a) , which, taken with several indirect lines of evidence, suggested that this kinase activity resides within the caldesmon molecule itself (Scott-Woo & Walsh, 1988a) . However, subsequent publication of the deduced amino acid sequence of chicken gizzard caldesmon did not reveal a consensus protein kinase sequence (Bryan et al., 1989) . There are five known Ca2+/calmodulin-dependent protein kinases: Ca2+/calmodulindependent protein kinases (CaM-kinases) I, II and III, myosin light-chain kinase and glycogen phosphorylase kinase (Nairn et al., 1985) . The properties of the kinase co-purifying with caldesmon most closely resemble those of CaM-kinase II (ScottWoo & Walsh, 1988b) . One of the best characterized substrates of CaM-kinase II is synapsin I (Huttner et al., 1981; Czernik et al., 1987) and we have previously shown that synapsin I is phosphorylated by caldesmon preparations (Scott-Woo & Walsh, 1988a General laboratory reagents were of analytical grade or better, and were purchased from Fisher Scientific (Calgary, Alberta, Canada).
Protein purifications
The following proteins were purified by previously described methods: bovine brain CaM , chicken gizzard caldesmon containing endogenous kinase activity (Scott-Woo & Walsh, 1988a) , bovine brain synapsin I (Ueda & Greengard, 1977) , and the catalytic subunit of bovine cardiac type II cyclic-AMP-dependent protein kinase (A-kinase) (Demaille et al., 1977) .
Enzymic assays
Protein phosphorylations were assayed at 30°C under the following conditions: (i) 20 mM-Tris/HCl (pH 7.5), 5 mM-MgCl2, CaM (42 ,ug/ml), caldesmon (20 ,tg/ml) containing endogenous kinase activity, synapsin I ( ± 20 ,g/ml), 0.2 mM-[y-32P]ATP (168 c.p.m./pmol); (ii) 20 mM-Tris/HCl (pH 7.5), 4 mM-MgCl2, 1 mM-EGTA, A-kinase (catalytic subunit) (0.8 ,g/ml), 0.1 mm-[y-32P]ATP. Total P, incorporation into protein was quantified as previously described (Walsh et al., 1983) . Phosphorylation of individual proteins was quantified by Cerenkov counting of radioactivity in slices after SDS/PAGE of reaction mixtures, and by scanning laser densitometry of autoradiograms after SDS/PAGE. To determine the Ca2+-dependence of synapsin I phosphorylation, a range of free Ca2+ concentrations was obtained by using Ca2+-EGTA buffers (Fabiato, 1981) .
'Cleveland' peptide mapping Synapsin I (40,ag/ml) was phosphorylated under standard conditions by caldesmon containing endogenous kinase activity (to 1.8 mol of P,/mol) or by A-kinase (to 1.0 mol of Pi/mol).
Samples containing 2 ug of synapsin I were subjected to SDS/PAGE, gels were stained briefly and destained, and the synapsin I bands were cut out of the gel and digested with S. aureus V8 proteinase as previously described 
RESULTS
Caldesmon becomes phosphorylated when incubated with MgATP2-in the presence of Ca2+ and CaM (Fig. 1) as previously shown . In the presence of synapsin I, however, caldesmon phosphorylation is markedly inhibited, whereas the exogenous substrate is rapidly phosphorylated (Fig.  1) . Consistent with this observation, the kinase has a very high affinity for synapsin I: the Km for synapsin I was determined to be 90 nm (results not shown).
Phosphorylation of synapsin I by the catalytic subunit of Akinase is shown in Fig. 1 phosphorylates a single site in synapsin I (Huttner et al., 1981 (Huttner et al., 1981) . Site 1 is located in a 10 kDa peptide generated by proteolysis with the S. aureus V8 proteinase. 'Cleveland' peptide mapping of synapsin I phosphorylated by the caldesmon preparation generated a 35 kDa phosphopeptide which retained both the phosphorylation sites (Fig. 2) . There was no significant phosphorylation of the 10 kDa peptide. On the other hand, digestion of synapsin I after phosphorylation by A-kinase revealed no phosphorylation of the 35 kDa peptide. Rather, labelled peptides of 15 and 13 kDa were generated at low proteinase concentrations, and the 10 kDa phosphopeptide appeared at higher proteinase concentrations.
We therefore conclude that the sites in synapsin I phosphorylated by the caldesmon preparation are distinct from the A-kinase site.
If the caldesmon preparation was incubated with MgATP2-in the presence of Ca2+ and CaM for 30 min under standard conditions before addition of synapsin I, the stoichiometry of synapsin I phosphorylation was unaffected (2.0 mol of P,/mol), although the rate was enhanced from 119.1 to 310.3 pmol of Pi/min (results not shown). However, most interestingly, prephosphorylation of the caldesmon preparation was accompanied by loss of Ca2+/CaM-dependence of synapsin I phosphorylation (Fig. 3) . We consistently find that the rate of phosphorylation in the absence of Ca2+ is lower than in the presence of Ca2+, but the maximum phosphate incorporation is the same.
DISCUSSION
Caldesmon is a major actin-and CaM-binding protein originally identified in smooth muscle (Sobue et al., 1981) , but now known to be widely distributed among muscle and non-muscle tissues (Clark et al., 1986; Ngai & Walsh, 1985) . Although its function is not clearly defined, it has been implicated in the regulation of actin-myosin interaction in smooth muscle (for review see Walsh, 1987) . Isolated caldesmon can exist in phosphorylated and unphosphorylated forms , 1987 ; the unphosphorylated protein inhibits actinactivated myosin Mg2+-ATPase activity in a reconstituted smooth-muscle system in vitro, whereas the phosphorylated protein does not (Ngai & Walsh, 1987) . Phosphorylation is catalysed by a Ca2+/CaM-dependent protein kinase. Caldesmon phosphorylation has also been demonstrated in intact vascular smooth muscle at rest and in response to several pharmacological agents (Adam et al., 1989) .
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We suggested previously that the kinase activity which copurifies with caldesmon actually resides in the caldesmon molecule itself (Scott-Woo & Walsh, 1988a) . However, determination of the complete amino acid sequence of gizzard caldesmon did not reveal any protein kinase or ATP-binding-site consensus sequences (Bryan et al., 1989) , suggesting that the kinase activity found in caldesmon preparations is a contaminating enzyme rather than an intrinsic property of caldesmon. Comparison of the known properties of this kinase with those of wellcharacterized CaM-dependent kinases revealed that the kinase most closely resembles CaM-kinase II (Scott-Woo & Walsh, 1988b) . A survey of potential exogenous substrates revealed only one protein which was phosphorylated rapidly and stoichiometrically, i.e. synapsin I (Scott-Woo & Walsh, 1988a) . This protein is an excellent substrate of CaM-kinase II (Huttner et al., 1981) . Therefore, we characterized the phosphorylation of synapsin I by the caldesmon preparation in detail.
The following properties are shared with CaM-kinase II (cf. Colbran et al., 1989) . (1) The enzyme phosphorylates synapsin I in a Ca2+/CaM-dependent manner. (2) There are two phosphorylation sites in synapsin I, both of which are distinct from the A-kinase site. (3) Autophosphorylation of the caldesmon preparation results in loss of the requirement of Ca2+/CaM for synapsin I phosphorylation. (4) The autophosphorylated enzyme has lower activity in the absence than in the presence of Ca2+/CaM. (5) Treatment of the caldesmon preparation with chymotrypsin generates a Ca2+/CaM-independent form of the kinase (Scott-Woo & Walsh, 1988a) . We conclude that the kinase activity associated with caldesmon preparations is most likely a smooth-muscle isoenzyme of CaM-kinase II. Several attempts to separate kinase activity from caldesmon have been unsuccessful (Scott-Woo & Walsh, 1988a) , suggesting a tight association between the enzyme and its substrate.
After submission of this manuscript, a paper was published in which Abougou et al. (1989) also concluded, on the basis of a different experimental approach, that caldesmon preparations are contaminated with CaM-kinase II.
